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A B S T R A C T
About 40, ground plus one (G+1) residential units were designed using a hybrid structural
framing system (RC frame and load bearing walls). A few months after the completion of
the ground ﬂoor of the residential units, cracks appeared at several locations in the
structure. Field and Laboratory testing was conducted to ascertain the in situ strength of
concrete and steel reinforcement. The results of the experimental work were used in the
analytical ETABS model for the structural stability calculations. The results indicated that
residential units were marginally safe in the existing condition (completed ground ﬂoor),
but the anticipated construction of the ﬂoor above the ground ﬂoor (G+1) could not be
carried out as the strength of the structural system was inadequate. To increase the safety
of existing ground ﬂoor and to provide the option of the construction of one ﬂoor above,
rehabilitation and strengthening design was performed. The proposed strengthening
design made use of welded wire fabric (WWF) and carbon ﬁbre reinforced polymer (CFRP)
laminates/sheets for the strengthening of walls, columns and slabs. The residential units
will be strengthened in the near future.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/3.0/).1. Introduction
A signiﬁcant part of the residential units in Pakistan use unreinforced masonry wall load bearing structures, since they
offer a relatively economical construction type. About 40, ground plus one (G+1) residential units were designed using a
hybrid structural framing system (RC frame and load bearing walls). Part of the load transfer mechanism was through the
frame system while part of the load transfer mechanism was through load bearing walls. A few months after the completion
of the ground ﬂoor of the residential units, cracks started to appear at several locations in the structure. To ascertain the
reasons for the cracking and the structural stability, a combined experimental and analytical study was carried out. The
experimental study included ﬁeld testing to ascertain the in situ strength of concrete, extraction of samples of reinforcing
steel for laboratory testing and obtaining stress-strain of reinforcing steel. Non Destructive Testing (NDT) was conducted
using CAPO Tests at many locations to determine the in situ strength of concrete in structural members. Samples of the
reinforcing steel bars (extracted from the members) were tested in the laboratory to obtain the stress-strain relationship.
Analytical model using ETABS was developed. The results of the experimental work were used in the analytical ETABS model
for the structural stability calculations. Seismic forces were also incorporated in analysis. The analysis results showed that
the residential units were marginally safe under existing conditions and construction of (G+1) was not feasible due to* Corresponding author. Tel.: +61 407956970.
E-mail addresses: tzahra77@yahoo.com, tatheer@neduet.edu.pk, tatheer@neduet.edu.pk (T. Zahra).
http://dx.doi.org/10.1016/j.cscm.2014.08.001
2214-5095/ 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
3.0/).
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be rehabilitated for use. Option B, in which the residential units could be strengthened for G+1 construction and use.
2. Condition assessment of existing structure
For the condition assessment of the existing residential units, ﬁrst the structural designs were checked for compliance
with ACI Building Code. The units were modelled using ETABS. The results indicated that designs of some members were
non-compliant with the Code. The compliance with the construction drawings, some forensic work (including Ferro
Scanning) was conducted and the results indicated intermittent non-compliance. For structural stability calculations, in situ
strength of concrete and reinforcing steel were obtained for use in the ETABS model.
2.1. Review of structural design and Code conformance
In this study, the structural design calculation (using UBC 97 [UBC, 1997] and ACI Code 318-95 [ACI, 1995]) were
performed for typical 4 units (2 adjacent units and front/back units) of 180 sq. yards each. The 2 adjacent units had a common
wall connecting the 2 units. The provision of G+1 construction and the seismic conditions (loads) for Zone 2B (Karachi) were
included in design. For the structural design, concrete strength-fc
0 of 3000 psi (20.7 MPa) and steel re-bar strength-fy of
60,000 psi (414 MPa) were used. The results are summarized in Table 1.
As can be seen from the Table 1, the structural design for only the wall footings and columns are in compliance with the
design as per the UBC 97 and ACI 318-95 Codes, however the structural designs of plinth beams, walls, beams and slabs (as
per the structural drawings) are non-compliant as they seem to have less reinforcement than required.
2.2. Forensic study
A forensic study was conducted to ascertain the compliance of the construction with the structural drawings and to
ascertain the strength of concrete and re-bar steel reinforcement. For the forensic study, a survey of the residential units
constructed was undertaken. On the basis of this survey, some units were identiﬁed for detailed study.
For the construction compliance, the survey team inspected the selected units and marked the areas for the Ferro
Scanning and CAPO testing work. The Ferro scanning was done to verify the compliance of the placement of the reinforcing
steel re-bars with the structural drawings. In some selected location, the steel re-bars were exposed and physical
conﬁrmation was also obtained.
2.3. Ferro scanning, CAPO testing and Schmidt hammer testing
Schmidt hammer testing was conducted at number of locations and the results were calibrated with the results CAPO
testing for in situ strength of concrete (Fig. 1). Ten (10) CAPO tests were performed.
To obtain the properties of the reinforcing steel re-bars, four samples were taken from the members. The reinforcing steel
re-bar samples were tested in the laboratory for strength and deformation capacity. (See Results in Table 2).Table 1
Summary of the code compliance check for the design of residential units.
Member Design computations
As per structural drawings Design as per code
fc’
(psi/MPa)
fy
(psi/MPa)
b
(in/mm)
h
(in/mm)
Main R/F Secondary R/F Main R/F Secondary
R/F
Code
compliant
(yes or no)
Wall footings 3000
(20.7)
60,000
(414)
4200
(1050)
600
(150)
# 3 @ 800
(#10@200 mm)
# 3 @ 800
(#10@200 )
# 3 @ 1000
(#10@250 )
# 3 @ 1000
(#10@250 )
YES
Plinth beams 3000
(20.7)
60,000
(414)
800
(200)
1200
(300)
2-#3 (Top)
2-#3 (Bottom)
(2-#10 T &B)
1/400@ 600
(#6@150 )
2-#4 (Top)
2-#4 (Bottom)
(2-#13 T&B)
#3 @ 600
(#10@150 )
NO
Walls 1500
(10.3)
60,000
(414)
– 800
(200)
1-#4 @ 100
(HOR)
(1-#13@3m)
1-#3 @ 40
(VER)
(1-#10@1.2m)
#4 @ 1200
(#13@300 )
#3 @ 1200
(#10@300 )
NO
Columns 3000
(20.7)
60,000
(414)
800
(200)
800
(200)
4-#4
(4-#13)
# 3 @ 800
(#10@200 )
4-#4
(4-#13)
# 3 @ 800
(#10@200 )
YES
Beams 3000
(20.7)
60,000
(414)
800
(200)
1200
(300)
2-#3 (Top)
2-#3 (Bottom)
(2-#10 T&B)
1/400 @ 900
(#6@225 )
3-#4 (Top)
3-#4 (Bottom)
(3-#13 T&B)
#3 @ 500
(#10@125 )
NO
Slabs 3000
(20.7)
60,000
(414)
– 500
(125)
# 3 @ 600
(#10@150 )
# 3 @ 800
(#10@200 )
# 3 @ 4.500
(#10@112 )
# 3 @ 800
(#10@200 )
NO
Note: Values in parenthesis are SI conversion of the original ones.
Fig. 1. Pictorial view of CAPO testing.
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Cracking was observed in all the residential units. All units exhibited structural as well as non-structural cracking. The cracks
were on interior as well as exterior of the units (Fig. 2). First category of cracking observed in the units is the plaster cracks. These
are due to the shrinkage of the plaster. The second category of cracking observed is electrical conduit cracking, in which the
cracks follow the contour of the electrical conduits (commonly placed by chipping away a slit in the concrete block wall. Both
the plaster cracking and the electrical conduit cracking are non-structural cracking and can be repaired with proper epoxy
bonding agents. However it should be noted that if structural cracking is present, then the remedial measures should be taken to
address it, before ﬁxing the non-structural cracking. The third category of cracks observed were the structural cracks, which
affect the structural integrity of the structure. A few of the structural cracks were as wide as 1/800 (3.25 mm) and some cracks
were observed on both sides of the members indicating a through cracking (Fig. 2). The structural cracking indicates that
members are being overstressed and if not adequately address in due course of time, could lead to failure of the structure. For
some units, ﬂoor settlement was also observed which could be due to the settlement of the foundation.
2.5. Overall observations
Overall observations can be summarized as:– The in situ strength of concrete in all structural members was less than the design strength of concrete (3000 psi,
20.7 MPa).Fig. 2. Typical interior and exterior cracking.
Table 2
Summary of the construction compliance check for building units.
Member Design computations Construction compliance
As per structural drawings Field veriﬁcation
fc’
(psi/MPa)
fy
(psi/MPa)
b
(in/mm)
h
(in/mm)
Main R/F Secondary R/F fc’
(psi/MPa)
fy
(psi/MPa)
b
(in/mm)
h
(in/mm)
Main R/F Secondary R/F
Wall Footings 3000
(20.7)
60,000
(414)
4200
(1050)
600
(150)
# 3 @ 800
(#10@200mm)
# 3 @ 800
(#10@200mm)
1500
(10.3)
60,000
(414)
4200
(1050)
600
(150)
# 3 @ 800
(#10@200mm)
# 3 @ 800
(#10@200mm)
Plinth Beams 3000
(20.7)
60,000
(414)
800
(200)
1200
(300)
2-#3 (Top)
2-#3 (Bottom)
(2-#10 T&B)
1/400 @ 600
(#6@150mm)
No plinth beams were provided
Walls 1500
(10.3)
60,000
(414)
– 800
(200)
1-#4 @ 100
(HOR)
(1-#13@3m)
1-#3 @ 40
(VER)
(1-#10@1.2m)
700
(4.8)
– – 800
(200)
No reinforcement
Columns 3000
(20.7)
60,000
(414)
800
(200)
800
(200)
4-#4
(4-#13)
# 3 @ 800
(#10@200mm)
2000
(13.8)
87,000
(600)
800
(200)
800
(200)
4-#4
(4-#13)
# 3 @ 800
(#10@200mm)
Beams 3000
(20.7)
60,000
(414)
800
(200)
1200
(300)
2-#3 (Top)
2-#3 (Bottom)
(2-#10 T&B)
1/400 @ 900
(#6@225mm)
No roof beams were provided
Slabs 3000
(20.7)
60,000
(414)
– 500
(125)
# 3 @ 600
(#10@150mm)
# 3 @ 800
(#10@200mm)
1150
(7.9)
87,000
(600)
– 500
(125)
# 3 @ 600
(#10@150mm)
# 3 @ 800
(#10@200mm)
Note: Values in parenthesis are SI conversion of the original ones.
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FOhe concrete block walls (CBW) were un-reinforced whereas in the structural design drawings, the walls are shown as
reinforced with steel reinforcement.– There were no plinth beams and roof beams in the constructed units, whereas the structural design drawings show plinth
beams and beams.– The use of TOR steel re-bars was observed in the exposed portion of the slab. It is assumed that TOR steel re-bars (with
average yield strength of 80 ksi or 600 MPa) was used as reinforcement in all the construction.
3. Structural safety assessment
A structural safety assessment was conducted using the computerized ETABS model developed and the results of the
Forensic Study. For the structural design of the wall footings, average net allowable bearing pressure value of 0.55 Tonne/sft
or 57 kN/m2 (as recommended by the Geotechnical report) was used. The in situ material properties of the concrete and the
re-bar steel were used as input into the ETABS model. To model a hybrid structural system (combination of frame and load
bearing system), transformed section concept was used to ascertain the load distribution between the columns and the CBW
(walls). The structural analysis was performed for various load combinations (including seismic loads, zone 2B for Karachi).
The factored loads, moments and shears on individual members (for the most critical load combination) were obtained from
the ETABS model.
For these most critical loads, moments and shears on the structural members, the strength analysis was conducted to
determine the structural safety of the members and the residential unit. The Factor of Safety (FOS) is computed as the ratio of
the resistance to the imposed loads. For this study, a qualitative assessment of structural safety of individual structural
member is shown in Table 3.
The summary of the results in the form of factor of safety (FOS) of each member and of a structure as a whole is presented
in Table 4. The overall structural safety of the studied units is assessed by evaluating the structural safety of the member with
the lowest margin of safety under ultimate load conditions. The lowest factor of safety is that for CBW (wall) under ultimate
load condition and it is 0.3.
4. Design for strengthening
Numbers of techniques are available for strengthening of reinforced concrete structures. Most common technique is
structural plastering or sprayed concrete (Shot Crete) in which steel or ﬁbre glass meshes are used to enhance the strength
(Proenca et al., 2012; Wenzel, 1989). Other methods include steel plates bonding, ﬁlling epoxies in cracks, epoxy coatings
and concrete and rebar replacement. Since the last decade ﬁbre reinforced polymers (FRP) are being extensively and
successfully used for strengthening of beams, ﬂoor slabs, columns and walls (Ehsani, 2005; Blansvard, 2009; Taljsten et al.,
2003; Hollaway and Teng, 2008; Albert et al., 2001; Siddiqui, 2009). For ﬂoor slabs, Carbon ﬁbre reinforced polymers (CFRP)
strengthening has been proposed which is designated as the most preferable use of this composite (Irwin and Rahman,
2002). CFRP laminates provide a neat and favourable strengthening choice for slabs by increasing serviceability and load
carrying capacity without increasing the dead weight of structure (Ehsani, 2005; Triantaﬁllou, 1998). CFRP composites not
only repair the damages but also contribute in increasing the earthquake resistance of the buildings (Schewegler and
Kelterborn, 1996; ISIS Canada, 2001).ble 3
alitative assessment of structural safety for each structural member.
Member Threshold
FOS
FOS  1.0 0.50*FOS threshold
 FOS < 0.75*FOS
threshold
0.75*FOS threshold
 FOS < threshold
FOS
FOS  threshold
FOS
Slab 2.0 Unsafe Critically safe Marginally safe Safe
Beam 2.5 Unsafe Critically safe Marginally safe Safe
Wall 3.0 Unsafe Critically safe Marginally safe Safe
Column 3.0 Unsafe Critically safe Marginally safe Safe
Wall footing 3.5 Unsafe Critically safe Marginally safe Safe
ble 4
S of structural members and building unit.
Factor of
safety (FOS)
Load
combination
Wall footing Columns CBW Slab Overall
safety
Service 0.6 (<1.0 Unsafe) 2.3 (2.5 Marginally safe) 1.2 (1.5 Critically safe) 1.1 (1.5 Critically safe) 1.04
Governing
ultimate
0.6 (<1.0 Unsafe) 1.0 (1.5 Critically safe) 0.3 (<1.0 Unsafe) 0.9 (<1.0 Unsafe) 0.6
T. Zahra et al. / Case Studies in Construction Materials 1 (2014) 144–153 149From the results of safety assessment, it was concluded that for G option, the common concrete block wall (CBW) and the
slabs (with spans greater than 7 ft or 2 m) are to be strengthened. For the G+1 Option, the wall foundations, the common
concrete block wall (CBW) and the slabs (with span greater than 7 ft or 2 m) are to be strengthened.
Two options investigated for strengthening the concrete block walls: (1) CFRP laminates on either side in horizontal and
vertical direction to enhance load, moment and shear capacity and (2) Welded wire fabric (WWF) with use of Polypropylene
ﬁbre reinforced mortar (PPFRM) as shotcrete. The ﬁrst option is for rehabilitation of existing ground story walls (G option)
and the latter one is for increasing the capacity of the walls (for G+1 option). For the CFRP strengthening design, the design
guidelines and speciﬁcations of ACI-440 (ACI, 2000) were used. The WWF with PPFRM shotcrete or the CFRP treatment
would be done on both face of the CBW. After the strengthening of the CBW expansion joints will be provided in the slab. For
the strengthening of the slabs (with spans greater 7 ft or 2 m), CFRP laminates are to be used on the underside of the slab.
The strengthening of wall foundation would comprise of exposing the wall foundation and strengthening of the wall
footing. The strengthening would be accomplished with additional reinforcing cage and concreting to increase the thickness
and if need be to increase the width of the wall foundation.
For the non-structural cracking, crack repair compounds will be used in the interior as well as exterior of the units. It
would also enhance resistance of common wall. The strengthening design of individual members is described next, with
strengthening of the wall footing, followed by strengthening of the concrete block walls and strengthening of slabs
respectively.
4.1. Strengthening of wall footing
For the case of G+1 option, the loads for the strengthening design of the wall footing of common wall are taken from the
ETABS software and the target FOS of 3.5 is established as a design criterion to ensure adequate safety. The strengthening
design of wall footing results in reinforcing cage with #3 @ 900 c/c or #10 @ 225 mm (both ways) to be placed on the top
surface of the existing wall footing and concreting to increase the thickness of footing to 14 in (350 mm). The footing width
does not need to be increased. The reinforcing cage is to also have anchors for anchoring into the existing foundation. Details
of the strengthening design of the wall footing are shown in Fig. 3.
The methodology for strengthening the wall footing is as follows:1. Excavating around the wall footing.
2. Cleaning and roughening the concrete surface.
3. Installing dowels at 25–30 cm (1200–12.500) spacing in both directions using an appropriate epoxy material.
4. Fastening the new steel bars with the dowels using steel wires. The diameter and number of steel bars should be according
to the design.Fig. 3. Details of the strengthening design of the wall footing.
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6. Pouring the new concrete before the bonding agent dries. The new concrete should contain a non-shrinkage material.
4.2. Strengthening of concrete block walls
In anticipation of the load that will come on the wall from the providing of the expansion joint between the 2 adjacent
units, the common wall is to be strengthened. For the wall, the target FOS of 2.5 is set as a design criterion. To strengthen the
common walls two options were proposed with details as under.
Option 1 – Wall strengthening with CFRP sheets:
The strengthening design of the existing wall (800 or 200 mm thick) utilizes the Carbon Fibre Reinforced Polymer (CFRP)
sheets, which are to be bonded on the face of the wall. The properties of the CFRP sheet are:Width of CFRP sheet = 12 in (300 mm)Thickness of CFRP sheet = 0.04742 in (1 mm)Design stress = 150.9 ksi (1040 MPa)Ecfrp = 33527 ksi (231 GPa)The strengthening design results in use of two (2) CFRP sheets in horizontal direction and two (2) CFRP sheets in the
vertical direction (Fig. 4). The horizontal and vertical spacing of the CFRP sheets is 5 ft (1.5 m) c/c. Placements of these CFRP
sheets on both sides and in both directions of the common wall will strengthen the wall and enhance the load carrying
capacity of the existing wall. The CFRP sheets will also arrest the cracking and will reduce the anticipated deﬂections.
Option 2 - Wall strengthening with WWF and PPFRM:
An alternate approach to strengthen the wall would be to use WWF (Welded Wire Fabric) in conjunction with
Polypropylene Fibre Reinforced Mortar (PPFRM). The target FOS for the strengthened wall is 2.5. The strengthening design
results in an overall thickness of 4 in (100 mm) for the WWF+PPRM wall (including 1 in or 25 mm cover) on either side of the
existing wall. The WWF+PPFRM wall will be anchored to the existing wall. For the strengthening design, the WWF assumedFig. 4. Proposed strengthening of the wall using CFRP sheets.
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(17 MPa). This will make the common wall 1600 (400 mm) thick, but when the 100 (25 mm) wide expansion joint is provided on
the roof slab, and the roof slab is uncoupled (from the top), the slab of each unit will be supported (resting) on 7½00
(187.5 mm) wall. This 7½00 (187.5 mm) thick wall be composed of 3½00 (87.5 mm) thick concrete block wall (CBW) and 400
(100 mm) thick WWF+PPFRM.
The strengthening design for the wall using the WWF+PPRC is as shown in Fig. 5. This will strengthen the wall and
enhance the load carrying capacity of existing wall. The WWF+PPRM will also arrest the cracking and will reduce the
anticipated deﬂections. This process is semi-conventional but will be messy as far as the construction work is concerned.
4.3. Expansion joints
Temperature-induced stresses are the direct result of volume changes between restrained points in a structure. An
estimate of the elongation or contraction caused by temperature change is obtained by multiplying the coefﬁcient of
expansion of concrete a [about 5.5  106/8F (9.9  106/8C)] by the length of the structure and the temperature change. A
200-ft (61-m) long building subjected to a temperature increase of 25 8F (14 8C) would elongate about 3/8 in. (10 mm) if
unrestrained.
For the residential units, studied units, the need for expansion joint is illustrated in Fig. 6. In order to separate the adjacent
units and to provide ﬂexibility of constructing another story as per requirements of the residents an expansion joint will be
provided in the parapet wall and slab adjoining two adjacent units.Fig. 5. Proposed strengthening design of the wall using WWF+PPFRM.
Fig. 6. Vertical cracking in the existing residential units revealing the need for expansion joint.
Fig. 7. Proposed strengthening of the slab using CFRP sheets.
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(33–63 ft) apart. To provide expansion joint in the roof slab of the units, a continuous 100 (25 mm) thick slit from the top of the
parapet common wall (about 4 ft or 1.2 m high) and to about 3/4 depth of the 500 (125 mm) thick slab will be needed. This will
separate the slab into 2 spans with an expansion joint of 100 (25 mm) between the adjacent units.
4.4. Strengthening of slab
The target FOS for the strengthened slab is 2.5. The strengthening design results in use of two (2) CFRP sheets in
longitudinal direction and three (3) CFRP sheets in lateral direction (Fig. 7). The spacing of the CFRP sheets is 4 ft (1.2 m) c/c in
each direction.
Placements of these CFRP sheets on the underside of the slab will strengthen the slab and enhance the load carrying
capacity of existing wall. The CFRP sheets will also arrest the cracking and will reduce the anticipated deﬂections.
4.5. Non-structural cracking
Cracks as narrow as 0.002 in. (0.05 mm) can be bonded by the injection of epoxy. The technique generally consists of
establishing entry and venting ports at close intervals along the cracks, sealing the crack on exposed surfaces, and injecting
the epoxy under pressure. Epoxy injection has been successfully used in the repair of cracks in buildings, bridges, dams, and
other types of concrete structures (ACI 503R). However, unless the cause of the cracking has been corrected, it will probably
recur near the original crack. If the cause of the cracks cannot be removed, then two options are available.
One is to rout and seal the crack, thus treating it as a joint, or, establish a joint that will accommodate the movement and
then inject the crack with epoxy or other suitable material. With the exception of certain moisture tolerant epoxies, this
technique is not applicable if the cracks are actively leaking and cannot be dried out. Wet cracks can be injected using
moisture tolerant materials, but contaminants in the cracks (including silt and water) can reduce the effectiveness of the
epoxy to structurally repair the cracks.
The use of a low-modulus, ﬂexible adhesive in a crack will not allow signiﬁcant movement of the concrete structure. The
effective modulus of elasticity of a ﬂexible adhesive in a crack is substantially the same as that of a rigid adhesive because of
the thin layer of material and high lateral restraint imposed by the surrounding concrete. Epoxy injection requires a high
degree of skill for satisfactory execution, and application of the technique may be limited by the ambient temperature. For
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the work, the units will be painted.
5. Conclusions
On the basis of work in this study, the following conclusions can be drawn:1. The structural design of the residential units was not in full compliance with the ACI Building Code.
2. The in situ strength of concrete in all the structural members was less than the design strength.
3. The construction was found to be marginally compliant with the construction drawings and speciﬁcations, although
inadequate construction practices were noted.
4. The residential units can be retroﬁtted for use as ground ﬂoor units only and can also be strengthened for the G+1
construction.
5. For the G+1 construction, the design for the strengthening of wall footing is provided.
6. For strengthening of slabs, design using CFRP laminates in both directions on the underside side of the slab is provided.
7. For concrete block walls (CBW), two strengthening designs are provided. One uses the CFRP laminates in vertical and
horizontal directions (on both sides of the CBW) and the other uses a combination of WWF and PPRRM on the entire
surface of both sides of the CBW.8. Expansion joints are to be provided between adjacent units.
Practical relevance and potential applications
This research is a real case study with practical observations, measurements and ﬁeld testing on site. It has close relevance
to conditions in which improper designing and construction errors cause cracking and damage in residential buildings which
is quite common in Pakistan. Residential units even of smaller size should comply with Standards and Codes at design and
construction stages. But in case of damage and cracking, this research can help in assessing the safety, ﬁeld veriﬁcation and
strengthening design of building members.
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